A 500-Gb/s four-level pulse amplitude modulation (PAM4) free-space optical (FSO)underwater wireless laser transmission (UWOC) convergent system over 100 m free-space transmission with either 10 m piped underwater link or 5 m turbid underwater link is established, employing a red/green/blue (R/G/B) five-wavelength polarization-multiplexing scheme as a demonstration for the first time. Integrating PAM4 modulation with five-wavelength polarization-multiplexing scheme, the channel capacity of FSO-UWOC convergent systems is significantly increased with an aggregate data rate of 500 Gb/s [50 Gb/s PAM4/wavelength × 5 wavelengths × 2 polarizations (p-and s-polarizations)]. Results reveal that five R/G/B laser diode (LD) transmitters with two-stage light injection and optoelectronic feedback techniques are capably adopted for 500 Gb/s PAM4 signal transmission. Compared with prior FSO-UWOC convergence and visible light communication using polarization-multiplexing R/G/B LDs, it shows a prominent one with the benefits of high aggregate transmission rate and long-range optical wireless link. Excellent bit error rate performance and accepted PAM4 eye diagrams are attained over a 110-m/105-m FSO-UWOC link. This demonstrated five-wavelength polarization-multiplexing FSO-UWOC convergent system is promising because it not only integrates free-space backbone with underwater optical wireless feeder, but it also substantially multiplies total channel capacity.
I. INTRODUCTION
Free-space optical (FSO)-underwater wireless optical communication (UWOC) convergent system is a promising one to conquer the connectivity difficulties [1] - [4] . It is an attractive convergence that has a number of advantages, such as license-free propagation, reuse of atmospherical/underwater operating bandwidths, high directionality, and no electromagnetic interference. With the fast enhancement of FSO-UWOC convergence, an increasing request pushes the requirements for building an FSO-UWOC convergent system with high-transmission-rate and improved
The associate editor coordinating the review of this manuscript and approving it for publication was Fang Yang . spectral efficiency. Polarization-multiplexing scheme has been investigated for supplying high channel capacity [5] - [7] , it thoroughly fits the configuration of FSO-UWOC convergent system. With polarization-multiplexing scheme, the channel capacity of FSO-UWOC convergence can be largely increased. Moreover, to further improve the channel capacity and spectral efficiency, four-level pulse amplitude modulation (PAM4) instead of none-return-to-zero modulation is adopted to reach the goal of high-transmission-rate and enhanced spectral efficiency [8] - [10] . In this study, a 500-Gb/s PAM4 FSO-UWOC convergent system through 100 m free-space transmission with either 10 m piped underwater link or 5 m turbid underwater link is proposed, employing a red/green/blue (R/G/B) five-wavelength VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ polarization-multiplexing scheme as an illustration. In piped underwater links, the overall attenuation coefficients at 450.6 nm (blue-light), 488.2 nm (blue-light), and 520.4 nm (green-light) are lower than those at 642.6 nm and 660.3 nm (red-light) [11] - [14] . 450.6 nm blue-light, 488.2 nm bluelight, and 520.4 nm green-light laser diode (LD) with twostage light injection and optoelectronic feedback techniques are thereby utilized in a 110-m FSO-UWOC convergence. Whereas in turbid underwater links, the overall attenuation coefficients at 642.6 nm and 660.3 nm (red-light) are lower than those at 450.6 nm (blue-light), 488.2 nm (bluelight), and 520.4 nm (green-light) [15] - [17] . 642.6 nm and 660.3 nm red-light LD with two-stage light injection and optoelectronic feedback techniques are thereby utilized in a 105-m FSO-UWOC convergence. LD with two-stage light injection and optoelectronic feedback techniques integrates the optical properties and advantages of LD and directs a promising way of high-bandwidth operation, in which LDs' 3-dB bandwidth can be considerably enhanced [18] . Given that five wavelengths with p-and s-polarizations are multiplexed, five-wavelength polarization-multiplexing scheme enhances the channel capacity ten times. The total channel capacity of FSO-UWOC convergent system is considerably multiplied, by a factor of twenty, via the utilization of PAM4 [22] . Nevertheless, the aggregate transmission capacity and the free-space link of 40 Gb/s and 2 m are far less than the corresponding ones of 500 Gb/s and 100 m operated in this proposed convergence. We realistically build a PAM4 FSO-UWOC convergent system with a R/G/B five-wavelength polarizationmultiplexing scheme. It outperforms former FSO-UWOC convergence and VLC given its traits for providing high aggregate channel capacity with long-reach optical-based free-space and underwater transmissions. The contributions of this study can be summarized as follows:
(I) A R/G/B PAM4 FSO-UWOC convergence with an aggregate transmission rate of 500 Gb/s is attained. (II) Combining PAM4 modulation with R/G/B fivewavelength polarization-multiplexing scheme, the total channel capacity is significantly enhanced by a factor of twenty. (III) A long-reach 100 m free-space transmission with either 10 m piped underwater link or 5 m turbid underwater link is achieved. (IV) Significant 3-dB bandwidth improvement is acquired by utilizing blue-/green-/red-light LD with two-stage light injection and optoelectronic feedback techniques. (V) Employing a set of doublet lenses in FSO communications and a laser reducer/expander in UWOC links, a sufficient low BER of 10 −9 and qualified PAM4 eye diagrams are obtained.
II. EXPERIMENTAL SETUP
The configuration of illustrated 500 Gb/s PAM4 FSO-UWOC convergent system with a R/G/B five-wavelength polarization-multiplexing scheme over 100 m free-space transmission with either 10 m piped underwater link or 5 m turbid underwater link is presented in the Fig. 1 Fig. 1 ) [18] , [23] , [24] . In this study, a 50-Gb/s PAM4 signal is applied to the first step master LD (LD1/LD4/LD7/LD10/LD13). If instead of master LD, slave LD (LD3/LD6/LD9/LD12/LD15) is modulated with 50 Gb/s PAM4 signal, there should be a less attenuation of the PAM4 signal [25] . However, the attenuation of the PAM4 signal can be recompensed by the amplification of the linear driver. The performance of FSO-UWOC convergence influenced by low modulation PAM4 signal is limited. Regarding data erasing problem [26] , it can be avoided by operating slave LD at moderate DC bias, instead of high DC bias. As the slave LD is operated at moderate DC bias, data-suppressing effect under injection locking is small. The laser lights (each light with 50 Gb/s optical PAM4 signal) are then combined using an optical combiner, split into two parts along the two orthogonal polarizations (p-and s-polarizations) using a broadband polarization beam splitter with a wavelength range of 420-680 nm. Two plane mirrors are placed at a leaning angle to reflect the s-polarized light. The p-polarized and s-polarized lights are then recombined by a broadband polarization beam combiner with a wavelength range of 420-680 nm. Five optical PAM4 signals with p-and s-polarized lights are then inputted into a 100-m freespace link using a couple of doublet lenses, and split by a 1×2 optical splitter at the receiving site. For upper path, blue-/green-light color filter is utilized to select the wanted wavelength. After wavelength selection, the selected laser beam is supplied in a laser beam reducer, delivered through a 10-m (2.5 m × 4) piped underwater link, and inputted into a convex lens. For lower path, red-light color filter is utilized to filter the wanted wavelength. After wavelength filtering, the filtered wavelength is supplied in a laser beam expander, transported through 5 m (2.5 m × 2) turbid underwater link, and sent to a convex lens. Subsequently, a polarizer with adjustable polarization is employed to pick the matching p-or s-polarized laser light. The drift in the polarization state is a critical issue with the practical use of polarizationmultiplexing scheme over UWOC systems. The p-polarized and s-polarized lights experience different phase velocities and thus have a certain phase difference at the receiving end. Over a long-distance underwater link, the drift in the polarization state will become one of the limiting influences of UWOC systems. It will be somewhat difficult to track the polarization state with disturbed water as well. However, a polarization tracker can be installed to transfer the arbitrary polarization to the settled polarization state [27] , [28] . The polarization tracker recovers two orthogonal polarization states to mitigate the polarization state with long-distance underwater link/disturbed water. Given that the underwater link is merely 10 m (piped underwater link)/5 m (turbid underwater link), the drift in the polarization is small and thereby the polarization state is stable in the scenario through 10 m piped underwater link/5 m turbid underwater link. Then, the p-or s-polarized light is guided into fiber's ferrule and enhanced by a 25-GHz photodiode (PD) with a transimpedance amplifier (TIA) receiver. The enhanced 50 Gb/s PAM4 signal is then sent to an equalizer for signal equalization. After equalization, a real-time BER measurement is implemented utilizing a high-sensitivity error detector and the PAM4 three-eye sampling method [29] . It is attractive because it avoids the need of complicated off-line digital signal processing using MATLAB. Further, a real-time oscilloscope is utilized to catch the eye diagrams of transmitted 50 Gb/s PAM4 signal. Fig. 1 shows the frequency response measurement setup of FSO-UWOC convergence as well. A sweep signal (DC -20 GHz) produced from a network analyzer sends to the blue-/green-/red-light LD. After equalization by an equalizer, the sweep signal returns to the network analyzer. Then, the frequency response of the FSO-UWOC convergent system is measured in the states of free-running (LD1/LD4/LD7/LD10/LD13), light injection and optoelectronic feedback (injection-locked LD2/LD5/LD8/LD11/ LD14), and two-stage light injection and optoelectronic feedback (injection-locked LD3/LD6/LD9/LD12/LD15). . These significant enhancements in 3-dB bandwidth reveal that blue-, green-, and red-light LDs with two-stage light injection and optoelectronic feedback techniques are effectual for building a 500-Gb/s PAM4 FSO-UWOC convergent system. With light injection and optoelectronic feedback techniques, the resonance frequency of LD is enhanced. The frequency difference between the injection-locked laser mode and the cavity mode accords with the resonance frequency in the RF domain. Employing light injection and optoelectronic feedback techniques, a difference between the injection-locked laser mode and the cavity mode can be attained, by which bringing on a resonance enhancement and a 3-dB bandwidth improvement. Furthermore, with twostage light injection and optoelectronic feedback techniques, a larger difference between the injection-locked laser mode and the cavity mode can be acquired, by which leading to a further resonance enhancement and a further 3-dB bandwidth improvement [18] .
III. RESULTS AND DISCUSSIONS
The optical spectra of five color filters are exhibited in Fig. 2 . The blue-and green-light color filters are featured by central wavelengths of 456 nm, 488 nm, and 514.5 nm, respectively; and full width at half maximums (FWHMs) of 22 nm, 24 nm, and 25.7 nm, respectively. As for the red-light color filters, they are featured by central wavelengths of 632.8 nm and 660 nm, respectively; and FWHMs For five wavelengths with parallel polarizations, signal-tosignal beating interference (SSBI) will worsen the performance of FSO-UWOC convergent systems on account of the natural feature of five wavelengths with parallel polarizations. However, the SSBI is trivially small due to large channel spacing among these five wavelengths. Furthermore, considering the orthogonal characteristic of p-polarized and s-polarized wavelengths, the cross-beating term will not exist [30] . Since that the SSBI is very small and the crossbeating term is almost zero, the color filter and polarizer can separate and recover the signals even if the five PAM4 inputs are not identical.
The optical transmittance with 0.3 (piped water) and 30.24 g/m 3 (turbid water) particle concentrations are presented in Fig. 3 . Noticeably, low particle concentration brings on high optical transmittance [31] . In the state of 0.3 g/m 3 particle concentration (piped water), the optical transmittances in 450.6/488.2 nm blue and 520.4 nm green wavelengths are higher than the optical transmittances in 642.6 nm and 660.3 nm red ones, showing the practicality of piped waterbased UWOC systems with blue-and green-light LDs. On the contrary, in the state of 30.24 g/m 3 particle concentration (turbid water), the optical transmittances in 642.6 nm and 660.3 nm red-light wavelengths are higher than those in 450.6/488.2 nm blue and 520.4 nm green ones, showing the practicality of turbid water-based UWOC systems with red-light LD. Accordingly, blue-and green-light LDs are appropriate to a piped underwater channel, whereas red-light LD is appropriate to a turbid underwater channel. Fig. 4 shows the S 21 magnitude response of the equalizer. The aim of the equalizer is to enhance the magnitudes of high frequencies (16.5-26.25 GHz), compared to the magnitudes of low frequencies (DC-16.5 GHz), and bring on an increased signal-to-noise ratio and an enhanced BER. To have a more association with two-stage light injection and optoelectronic feedback techniques and BER performance, we measure the BER values of 50 Gb/s PAM4 signal in the free-running state [ Fig. 5(e) ]. Through 100 m free-space transmission and 5 m turbid underwater link (p-polarization), high BER values (poor BER performance) of 10 −1 ∼ 10 −2 are acquired due to insufficient 3-dB bandwidth. This finding shows that a 500-Gb/s PAM4 FSO-UWOC convergence can't be implemented in the state of LDs with free-running. By contrast, as 50-Gb/s PAM4 signals are applied to the first step master LDs (LD1, LD4, LD7, LD10, and LD13), a 500-Gb/s PAM4 FSO-UWOC convergence can be realized in the state of LDs with twostage light injection and optoelectronic feedback techniques, due to sufficient 3-dB bandwidth. Thereby, two-stage light injection and optoelectronic feedback techniques are needed in the setup so as to construct a 500-Gb/s PAM4 FSO-UWOC convergent system. Moreover, to have a close connection with laser beam reducer/expander and BER performance, we take away the laser beam reducer/expander and compare the BER performances in the scenarios with and without a laser beam reducer/expander. Through 100 m free-space transmission and 10 m piped underwater link [ Fig. 5(a) ], BER achieves 3.8×10 −7 without a laser beam reducer. However, BER gets better to 10 −9 with a laser beam reducer. In piped underwater links, BER performance improves with a decrease in beam size. A smaller laser beam size that accompanies a lower absorption contributes more light to be received by the PD with a TIA receiver, bringing on better BER. Further, through 100 m free-space transmission and 5 m turbid underwater link [ Fig. 5(d) ], BER reaches 8.7×10 −7 without a laser beam expander. Nevertheless, BER gets better to 10 −9 with a laser beam expander. In turbid underwater links, BER performance improves with an increase in beam size. A larger beam size that follows a smaller beam divergence provides more scattered light to be received by the PD with a TIA receiver, bringing on better BER.
Over long-haul transmission at high transmission rate, polarization mode dispersion (PMD) becomes one of the restricting factors of FSO-UWOC convergent systems. A proper time delay between two polarization channels has a large impact on the PMD-induced crosstalk [32] - [34] . Nevertheless, since that the FSO-UWOC link is just 110 m/105 m, the PMD-induced crosstalk is restricted. Thus, a sophisticated time delay is not needed for such FSO-UWOC convergent system with a R/G/B five-wavelength polarization-multiplexing scheme.
IV. SUMMARY AND CONCLUSION
In this work with an innovative configuration on the FSO-UWOC convergent system, a polarization-multiplexing scheme is employed to transport the PAM4 data stream through the free-space transmission with either the piped underwater channel or the turbid underwater channel. The performances of 500 Gb/s PAM4 FSO-UWOC convergence utilizing R/G/B five-wavelength polarization-multiplexing scheme are investigated and discussed. Over 100 m freespace transmission with either 10 m piped underwater link or 5 m turbid underwater link, impressive BER performance and accepted PAM4 eye diagrams are attained with a total transmission rate of 500 Gb/s [50 Gb/s PAM4/wavelength × R/G/B five-wavelength × two orthogonal polarizations (pand s-polarizations)]. Such established PAM4 FSO-UWOC convergent system meets the target of high-speed FSO-UWOC convergence given its workability for providing a high-transmission-rate over the free-space transmission with piped/turbid underwater link. It brings significant enhancements featured by optical wireless communications for affording high channel capacity with sufficient mobility. 
